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MagnetiteThe mechanisms of plasma post-oxidation of plasma nitrided AISI 1045 plain steel were investigated. The
inﬂuence of plasma post-oxidation temperature and time on the oxide layer thickness, morphology, and
composition were addressed. The oxide thickness grows exponentially with temperature, with activation
energy of 68±5 kJ mol −1. The time dependence of the oxide layer thickness, on the other hand, is governed
by a diffusion-reaction process. It was veriﬁed that temperature plays an important role on the morphology of
the oxide. Indeed, at the highest temperature, 550 °C, the oxide layer is not homogeneous and has a lower
hardness than oxide layers obtained at 480 to 500 °C. The latter seem to be more favorable temperatures to
grow compact, homogeneous, and harder oxide layers. The oxide–nitride bi-layer produced here contains a
mixture of γ′-Fe4N and ε-Fe2-3N and only one iron oxide, Fe3O4 (magnetite). The proportions between these
phases vary with the plasma processing temperature and time.evier OA license.© 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Plasma surface engineering is known to provide rather controlled
and environmental-friendly processes [1]. The possibilities of choos-
ing different plasma atmospheres, a wide temperature range, and pre-
determined current density and duty cycle allow the controlling and
reproduction of the physicochemical characteristics, as well as the
mechanical properties of the modiﬁed surface. Plasma post-oxidation
of nitrided or carbonitrided ferrous alloys, in particular, is comple-
mentary to the successful gaseous oxidation [2,3], capable of replacing
chromium electroplating and salt and gas oxidation techniques [4,5].
This is highly desirable due to both environmental restrictions and
technical quality reasons (versatility and reproducibility). The
combination of a hard and wear resistant underneath nitrided or
carbonitrided layer and a corrosion-resistant and low friction
outermost oxide layer provides a high-performance mechanical
system for hydraulic and automotive applications.
Plasma post-oxidation of the previously plasma nitrided or
carbonitrided steel layer can be performed by different types of
gases or gaseous mixtures such as O2–N2, CO2, H2O–H2 [6–11].
Althoughmany studies have been performed to characterize the oxide
layer, some key points concerning which gas mixture is the most
adequate one to reach the best oxide phase and what are the
processing time and temperature that lead to the best thickness for
mechanical applications in corrosive environments still deserve betterunderstanding. Recently, the optimal gas mixture in a pulsed DC
plasma post-oxidation process at 510 °C in order to obtain a pure
magnetite phase was found [12].
There is a satisfactory description of the mechanisms of gaseous
oxidation of iron nitrides [3,13,14], which can also be used to describe
plasma oxidation in stationary ﬂow conditions, where the process is
essentially the growth of a well-established plain oxide layer
controlled by diffusion of iron cations. However, we did not ﬁnd in
the literature possible mechanisms for plasma post-oxidation pro-
cesses in the initial stages. Moreover, there are important crystallo-
graphic changes involved in the oxidation process of iron nitrides.
After plasma nitriding or nitrocarburizing at high nitrogen chemical
potential, a thick compound layer is obtainedwhere the epsilon phase
shows a hexagonal compact crystalline structure (hcp). However, the
outermost magnetite phase formed by plasma post-oxidation of the
nitrided layer shows a spinel crystalline structure with different
lattice parameters compared to hcp [15]. Thus, internal stresses
develop at the interface, which could degrade the adhesion between
these layers.
Finally, it is well known that the main goal of the post-oxidation
step is to obtain a pure magnetite (Fe3O4) phase instead of the
hematite phase (α-Fe2O3), due to the compact and homogenous
characteristics of the ﬁrst [16–18]. These characteristics of magnetite
as the outermost oxide layer are important for corrosion resistance
and low friction coefﬁcient [9]. However, the morphology of the oxide
layer and, consequently, its corrosion resistance and friction behavior
depend strongly on processing time. In fact, longer post-oxidation
times at 500 °C degrade the oxide layer by spallation [8]. Moreover,
the porosity of the oxide layer increases with temperature [19].
Fig. 1. (a) Scattering spectrum of He+ ions incident at 3.15 MeV normal to the surface of
a plasma nitrided steel sample that was plasma post-oxidized during 18 min at 480 °C.
Scattering angle was 165°. The origin of the inelastic (resonant) peak is the 16O(α,α)16O
resonant scattering and (b) scattering spectrum of He+ ions incident at 3.85 MeV
normal to the surface of the same sample as in (a). Scattering angle was 165°. The origin
of the inelastic (resonant) peak is the 14N(α,α)14N resonant scattering.
3423A.C. Rovani et al. / Surface & Coatings Technology 205 (2011) 3422–3428We report here on the inﬂuence of two relevant parameters,
namely processing time or temperature, on the thickness, morphol-
ogy, and type of iron oxide and nitride of the plasma oxidized layer, as
well as on the hardness of the ﬁnal layered oxide/nitride system. The
experimental results here obtained allow us to investigate also the
mechanisms of plasma post-oxidation of plasma nitrided AISI 1045
plain steel.
2. Materials and experimental procedure
The samples were cut from the same 10-mm diameter AISI 1045
plain steel source (C, 0.45; Si, 0.22 P, 0.03; S, 0.03; Mn, 0.18; Cu, 0.02;
Cr, 0.02; Ni, 0.01; Mo, 0.002; A, 0.03; V, 0.001; balance Fe (wt.%)). The
substrates were mirror polished using standard metallographic
techniques. Nitriding was performed in a laboratory-scale chamber.
The chamber base pressure was b2.8 Pa (PO2b5.6×10−1 Pa). The
chamber was pressurized with the feeding gases using mass ﬂow
controllers, where a Pirani gauge was used to monitor the pressure.
The gas total pressure was kept at 92 Pa, and the gas mixture was
ﬁxed at 90% N2–10% H2 during the nitriding process. The substrate
temperature during nitriding was kept at 550±5 °C for 5 h. A pulsed
DC power supply with mean voltage 720 V and current 0.2 A was
used. The frequency and duty cycle were set at 10 kHz and 40%,
respectively. Following nitriding, post-oxidationwas performed in the
same chamber, without opening it to air. Two sets of samples were
produced. The ﬁrst set was performed for various oxidation times
from 45 to 180 min at constant temperature of 480 °C. The second set
of samples was prepared at different temperatures from 480 to 550 °C
for a constant time of 90 min. The total gas pressure was kept at
112 Pa, and the gaseous mixture was a ﬁxed N2/O2 ratio of 7 with a H2
proportion of 25%. The pulsed DC power was used with mean voltage
850 V and current 0.5 A. The frequency and duty cycle were set at
10 kHz and 40%, respectively.
The crystalline structures of plasma-modiﬁed layers were charac-
terized by X-ray diffraction (XRD) in both geometries: Bragg–
Brentano θ×2θ, inspecting the whole modiﬁed layer and glancing
angle, at an incidence angle of 2°, inspecting only the outermost layer.
In Bragg–Brentano and glancing angle geometries, the samples were
rotated during analysis in order to reduce grain orientation and
texture effects, respectively. A Shimadzu XRD-6000 diffractometer
with Cu Ka (V=40 kV and I=30 mA) radiation was used. The
Rietveld reﬁnement [20] was also applied for analysis and quantiﬁ-
cation of crystalline phases in the modiﬁed layer using FULLPROF
software [21].
The morphology and microstructure of nitrided and oxidized
layers were accessed using a Shimadzu SSX-550 scanning electron
microscope (SEM) in secondary electron mode. For SEM analysis, the
cross-section of samples was revealed by attacking the surface at
room temperature with Nital solution (5%). The diffusion layer
thickness was measured by optical microscopy (OM) by using a
Zeiss Axio Scope A1. The surface roughness was measured by atomic
force microscopy (AFM). These measurements were performed in
tapping mode, using a NT-MDT NTEGRA prima equipment. The
average surface roughness of bare and nitrided samples are similar in
the value of 100±10 nm and for the post-oxidized ones is 190±
20 nm. The nitrided layer thickness was directly determined from the
SEM images for all oxide layers thicker than 500 nm. For thinner oxide
layers, the uncertainties in the oxide layer thickness determination
would be unacceptable. Therefore, they had their thickness deter-
mined by ion beam analysis: (a) in those cases where the oxide layer
was already reasonably well constituted, Rutherford backscattering
spectrometry (RBS) [22] allowed to determine directly the thickness,
with an uncertainty of approximately 10 nm while (b) for those cases
where the oxide layer was still being constituted, the oxygen and
nitrogen proﬁles were determined by nuclear resonant scattering
(NRS), 16O(α,α)16O at 3.03 MeV and 14N(α,α)14N at 3.7 MeV [23].Since ion beam analyses are less familiar techniques, illustrative
examples are given here. The case of a plasma nitrided sample that
was plasma post-oxidized during 90 min at 480 °C is shown in Fig. 1.
Elastic (RBS) and inelastic (resonant) regions of the 16O(α,α)16O
scattering are indicated in Fig. 1a for an alpha-incident energy of
3.15 MeV. Since in this case the oxide layer is already well constituted,
the oxide thickness can be easily determined by converting the
difference in energy between the elastic signal for Fe at the Fe3O4
surface and at the Fe3O4/ε-Fe2-3N, γ′-Fe4N interface into thickness, by
means of the energy loss of He ions in iron oxide [23]. As an
alternative, the oxide thickness could be also determined by the
energy difference, converted into thickness, between the rising and
the disappearing of the inelastic (resonant) 16O(α,α)16O nuclear
reaction. The corresponding N spectrum is shown in Fig. 1b, at alpha-
incident energy of 3.85 MeV. One notices that the O inelastic peak is
far narrower (twenty times, approximately) than the N one, as well as
farmore intense. Another illustration is given in Fig. 2 for plasma post-
oxidation during 5 min at 480 °C, where the oxide layer is not yet well
constituted. Here, only the inelastic 16O and 14N regions of the spectra
are shown in Fig. 2a and b, respectively, increasing progressively the
alpha-incident energies above the resonance energy and thus
inspecting progressively deeper regions. One notices the decreasing
of the O peak and the increasing of the N peak as the energy increases,
allowing us to estimate the thickness of the oxygen-containing layer.
By calibrating the resonance peaks against SiO2/Si and Si3N4/Si ﬁlm
standards and converting energy into depth, the O and N concentra-
tions as a function of depth can be obtained, as shown in Fig. 2c. In
performing RBS and NRS analyses, one must recall that surface and
Fig. 2. (a) Inelastic (resonant) peak of the 16O(α,α)16O resonant scattering for plasma post-oxidation of a nitrided steel sample. Plasma post-oxidation was performed for 5 min at
480 °C. The He+ ion (α) energy was increased progressively above the resonance energy, thus inspecting progressively deeper regions, (b) inelastic (resonant) peak of the 14N(α,α)
14N resonant scattering for the same sample as in (a), and (c) the relative concentrations of O and N in the outermost layer.
3424 A.C. Rovani et al. / Surface & Coatings Technology 205 (2011) 3422–3428interface roughness increase ion energy straggling. The consequence
is a widening of the surface and interface energy edges of both RBS
and NRS signals and therefore a loss of accuracy in the determination
of the depth scale. In the present analyses, roughness adds up to other
factors, leading to a minimum 10% error in the depth scale.
Nano-indentation experiments were performed by using a
NanoTest-600 (MicroMaterials Ltd.). A Berkovich diamond tip was
used at variable indentation depth from 100 to 1600 nm, and the
results were analyzed using the Oliver and Pharr method [24]. The
indentation was perpendicular to the surface and the tip load
controlled the penetration depth. Piling-up effects were not
considered.
3. Results and discussion
Fig. 3 indicates that the microstructure is divided in three well-
deﬁned layers, the outermost one being the oxide layer, with the
compound layer beneath it, followed by the diffusion layer [20].
Typical cross-section and on surface SEM and OM images for different
post-oxidation conditions are shown in Fig. 3a to f. One can see that
the morphologies of both oxide and nitride layers vary with the
processing temperature and time. Thus, while for processing at
480 °C, the oxide layer is compact, processing at 550 °C leads to a non-
homogenous and porous oxide layer (see Fig. 3b and e), where some
parts seem to have delaminated. Moreover, the oxide layer thickness
increases with temperature and time. It is important to remark that in
all compound layers, there are pores that are attributed to nucleation
of N2. Also, at the oxide–nitride interface there is porosity due to the
annihilation of vacancies [2,3,13]. Strictly speaking, the diffusion layer
thickness changes during the oxidation process due to the fact that the
temperatures are high enough to continue the nitrogen diffusion.
Fig. 3f shows a characteristic diffusion layer thickness of approxi-mately 360±40 micrometers for the oxidized samples at 480 °C
during 90 min. The obtained diffusion layer thickness is in agreement
with previous work [25] where AISI 1045 steel was plasma nitrided
even considering the posterior oxidation process.
The dependence of the oxide layer thickness on processing
temperature is shown in Fig. 4a. The oxide layer thickness increase
was ﬁtted to an exponential function of temperature, such that a
temperature-activated process seems to be in force. From the Arrhenius
plot shown in the inset, the activation energy of the oxidation process
was determined as 68±5 kJ mol −1. For the inverse process, namely
conversion from iron oxide to iron nitride, the activation energy to
obtain ε-Fe2-3N is 63.4±5 kJ mol−1 [26]. In our case, the activation
energy is an effective value (strictly speaking, an empiric value) that
include the nano- andmicrostructure of the oxide and nitride layers and
the diffusion coefﬁcient(s) of the rate-determining species.
The time dependence of the oxide thickness is shown in Fig. 4b. For
times above 40 min, the experimental points can be well ﬁtted with a
parabolic growth law, similar to previous work [2,13] in gaseous
oxidation. For lower plasma oxidation times, however, the growth is
much faster than parabolic. In fact, as illustrated in Fig. 2c, for plasma
oxidation times between 5 and 30 min, we do not have a plain oxide
layer with a constant O proﬁle on top of iron nitride. Thus, the
necessary stationary ﬂow conditions of the mobile species for
parabolic [27,28] or linear-parabolic [29] growth are not given.
Therefore, it is not realistic to ﬁt the data with any parabolic
expression baring physically meaningful parameters, which have
been successfully used by those previous authors. On the other hand,
the initial stages of gaseous oxidation of iron nitride were previously
addressed both experimentally and theoretically [30,31]. However,
the temperatures used in those works were appreciably lower than
the present ones, leading to oxide thicknesses in the few nanometer
range, which unfortunately cannot be compared with the ones
Fig. 3. Cross-section scanning electron microscopy images of selected nitrided steel samples post-oxidized in different conditions: (a) 495 °C, 90 min, (b) 550 °C, 90 min, (c) 480 °C,
45 min, and vd) 480 °C, 180 min. For the post-oxidized samples at 550 °C and 480 °C (90 min), images on surface (e) and in cross-section (f) taken by SEM and OM, respectively, are
also shown.
3425A.C. Rovani et al. / Surface & Coatings Technology 205 (2011) 3422–3428obtained here. In order to understand the lower oxidation time region
of the present results, one has to consider the diffusion of the mobile
species and the chemical reactions of the propagating diffusion front
leading to ﬁxation of O and conversion of the nitride layer, mainly
ε-Fe2-3N and γ′-Fe4N, into an oxidized layer.
After a thick, well-constituted oxide layer has been established on
iron, it has been convincingly demonstrated [32] that iron-cation
diffusion is rate determining for magnetite layer growth. Further-
more, through comparison of the oxidation kinetics of iron and iron
nitride, it was shown [13] that the same growth rates are obtained,
thereby strongly suggesting that iron-cation diffusion in magnetite is
also rate determining during oxidation of iron nitride. However, in theoxidized layer of Fig. 2c, the O concentration decreases with depth
from the surface into the nitride layer, whereas the N concentration
increases. An oxygen proﬁle like that of Fig. 2c can only be obtained
[see Appendix B in 13] if besides Fe, O is also a mobile species. Oxygen
migration may take place as it reacts with the iron nitride network or
through iron nitride network defects, both mechanisms leading to
approximately the same O proﬁle. Therefore, a different approach
must be adopted, which is not against the above mentioned literature
sources since we are in the presence of a completely different physical
situation.
We propose here to approach the initial stages of plasma post-
oxidation as a diffusion-reaction process [33,34], whereby the mobile
Fig. 4. Oxide layer thickness as a function of (a) plasma post-oxidation temperature at
constant time of 90 min. The inset shows the Arrhenius plot and the extracted
activation energy and (b) plasma post-oxidation time at constant temperature of
480 °C. The origin solid lines through the experimental points are discussed in detail in
the text.
Fig. 5. X-ray diffractograms in Bragg–Brentano geometry from samples obtained by
plasma post-oxidation as a function of (a) processing temperature at constant time of
90 min and (b) processing time at constant temperature of 480 °C. For comparison
purposes, the diffractogram of the nitrided samples without post-oxidation is also
included at the bottom.
3426 A.C. Rovani et al. / Surface & Coatings Technology 205 (2011) 3422–3428species react with the iron nitride framework as they diffuse in it. To
the best of our knowledge, this approach has not been used before to
describe the oxidation of nitrided ferrous alloys. Although we do not
know the details of the chemical reactions between O and the iron
nitrides, the theory of reaction-diffusion provides general equations
that can guide further investigation of the initial stages of thermal or
plasma post-oxidation of nitrided steel, which tend asymptotically to
the well-established parabolic growth in further stages, where iron-
cation diffusion is the rate control mechanism.
Assuming that oxygen would also be a mobile species in initial
stages, such that there is a propagating oxygen front that reacts with
Fe, ε-Fe2-3N, and γ′-Fe4N, ﬁxing O by reaction with them, the
reaction-diffusion theory would bring about the following model
equations:
∂ρO = ∂tð Þ = D ∂2ρO = ∂x2
 
 kρO x; tð ÞρFeN x; tð Þ
∂ρFeN = ∂tð Þ = −kρO x; tð ÞρFeN x; tð Þ
where ρO is the relative concentration of diffusive oxygen and ρFeN
stands for ρε-Fe2-3N and ργ′-Fe4N, which are the relative concentrations
of ε-Fe2-3N and γ′-Fe4N, respectively. x is the distance from the
original nitride surface, and t is the time. The initial and boundary
conditions are as follows:
ρFeN x;0ð Þ = 1;∀x N 0; ρO 0; tð Þ = p0;
where p0 is the partial pressure of ionized oxygen in the plasma.
The knowledge of the corresponding diffusivities D and reaction
rates k for the different reaction-diffusion channels are the necessary
entries that allow numerical solution of the model equations, givingthe searched time dependence of the oxygen concentration in the
nitrided layer in the initial stages, tending to constant O concentration
and thus a parabolic growth in further stages. These parameters are
not generally available, and so far we do not have enough
experimental data for different temperatures and gas pressures that
would give us a better idea of their magnitudes. Therefore, the model
curves obtained so far are restrained to constitute mathematical
ﬁttings that reproduce the experimental results of Fig. 4b. The line
through the experimental points in Fig. 4b is the result of parameter
optimization using as entries the diffusivity and reaction rate of O in
Fe. Owing to the small number of experimental points and to the
choice of unrealistic starting parameters, this calculation cannot
provide accurate, physically meaningful, parameters at the output,
although the reaction-diffusion approach seems to be a very plausible
and convenient one.
Fig. 5 shows the XRD patterns in Bragg–Brentano geometry for
samples obtained by plasma post-oxidation at different processing
temperatures (Fig. 5a—constant time of 90 min) and processing time
(Fig. 5b—constant temperature of 480 °C), respectively. For comparison
purposes, the diffraction peaks that identify the crystalline phases
that form the plasma modiﬁed layer are indicated. In addition, the
diffractogram of the nitrided sample without post-oxidation is also
included in the bottom. In the temperature-dependent diffractograms
(Fig. 5a), the peaks assigned to the γ′-Fe4N increase with respect to
those assigned to the ε-Fe2-3N phase, whereas the diffraction peaks
assigned to themagnetite phase donot change signiﬁcantly. In the time-
dependent curve (see Fig. 5b), on the other hand, the diffraction peaks
3427A.C. Rovani et al. / Surface & Coatings Technology 205 (2011) 3422–3428related to the magnetite phase increase in intensity with respect to
those corresponding to the γ′-Fe4N and ε-Fe2-3N phases.
A proportion of 25% of H2 in plasma post-oxidation gas mixture
was selected in all samples in order to form a hematite-free oxide
layer [12]. From Fig. 5, the diffraction patterns can be assigned to a
mixture of iron nitrides such as γ′-Fe4N and ε-F2-3N and only one iron
oxide Fe3O4 (magnetite), as well as the original α-Fe (ferrite). Using
the Rietveld method [20] to analyze the XRD patterns obtained in
Bragg–Brentano geometry, one can conﬁrm the presence of 4 phases
in the modiﬁed layer, as indicated above. The intensity ratios of the
most important diffraction peaks for compounds obtained in this
work are very similar to standard XRD data of JCPDS ﬁle numbers
11-0614 (Fe3O4), 1-1236 (ε-F2-3N), and 6-627b (γ′-Fe4N). The latter
are obtained by powder diffraction technique with random distribu-
tion of grains assuring no preferential orientation or no texture.
Therefore, we can say that the present XRD results do not have
signiﬁcant texture contribution.
The phase concentration dependence on treatment temperature
(constant time of 90 min) and time (constant temperature of 480 °C)
are given in Fig. 6a and b, respectively. For the thinner oxide layers,
glancing angle XRD was used. The crystalline phases of the only
nitrided sample are included in open symbols. Temperature enhances
both the diffusivity of atoms in the crystalline structure and the
degradation of iron nitride during oxidation [2,3]. Therefore, nitrogen
can diffuse further at higher temperatures and iron nitride phases
with higher nitrogen content are converted into iron nitrides phase
with lower nitrogen content [35,36]. Also, the nucleation of N2 creates
pores in the compound layer and at the oxide–nitride interface (see
Fig. 3a–e) [2,3,13]. Our results are in agreement with such behavior
(see Fig. 6a) where the γ′-Fe4N phase concentration increasesFig. 6. Phase concentrations in the modiﬁed layers (oxides and nitrides) as obtained by
Rietveld reﬁnement of the X-ray diffractograms after plasma post-oxidation for
(a) different temperatures for a constant time of 90 min and (b) different times at
constant temperature of 480 °C. The dashed lines are only to guide the eyes.moderately whereas the ε-Fe2-3N phase concentration decreases
moderately as a function of processing temperature. As for the
processing time dependence, Fig. 6b shows that the Fe3O4 phase
concentration increases whereas the ε-Fe2-3N phase concentration
decreases as a function of processing time. The γ′-Fe4N phase
concentration remains roughly constant at variable processing time.
Onemust take into account that during plasma oxidation, the nitrogen
ﬂux was reduced. Thus, the Fe3O4 phase concentration increases due
to the oxygen incorporation. The ε-Fe2-3N phase concentration
decreases due to further nitrogen diffusion and nucleation of N2 and
γ′-Fe4N phase concentration remains constant due to nitrogen
feeding from ε-Fe2-3N phase as processing time increases at constant
temperature.
Fig. 7a and b shows the hardness at a ﬁxed depth of 1000 nm as a
function of treatment temperature and time, respectively. The
hardness decreases both at higher temperatures and longer times.
This would be an expected result, taking into account that the
hardness of the magnetite phase is lower than that of both iron
nitrides. Thus, the oxidation process decreases the surface hardness of
themechanical system composed by iron oxide and nitride. Moreover,
the hardness decreases even further by ε-Fe2-3N phase degradation as
treatment temperature and time increase.
4. Conclusions
The oxide layers formed on plasma nitrided AISI 1045 steel by
plasma post-oxidation in the temperature range from 480 to 500 °C
are thin, compact, adherent, and reasonably hard. Thus, this
temperature range seems to be ideal for plasma post-oxidation
processing of plasma nitrided steel.Fig. 7. Hardness at a ﬁxed depth of 1000 nm in the modiﬁed layer as a function of
(a) temperatures for a constant time of 90 min and (b) times at constant temperature of
480 °C.
3428 A.C. Rovani et al. / Surface & Coatings Technology 205 (2011) 3422–3428The growth of the oxide layer is a temperature activated process,
whose activation energywas determined here as being approximately
68 kJ mol −1. The observation of the time dependence of the oxygen
and nitrogen concentrations in the initial stages of plasma post-
oxidation, as well as of the oxide layer thickness in further stages,
indicated that this is a reaction-diffusion controlled process, whereby
the mobile species, oxygen in particular, react with the iron nitride
framework as they diffuse in it. The formulation of reaction-diffusion
model equations and their numerical solution can lead to a
description of the initial stages of formation of the iron oxide layer
on top of the iron nitride layer.
The increase of plasma post-oxidation temperature and time
renders nitrogenous species more mobile, depleting as a consequence
the proportion of N-rich phases and nucleating N2. The only
observable iron oxide phase, on the other hand, was magnetite
(Fe3O4). Since the hardness of magnetite is lower than that of the iron
nitrides, the thickening of the oxide (magnetite) layer brings as a
consequence the decrease of the hardness of the oxide/nitride layered
structure.
Work is in progress aiming at investigating in detail the
mechanisms of growth of the iron oxide layer, especially in the initial
stages. The knowledge of themechanisms of conversion of iron nitride
into iron oxide is essential to control the process of plasma post-
oxidation of plasma nitride steel, as well as the mechanical and
electrochemical properties of the oxide layer.
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